Background: High insulin in T2D is associated with low testosterone, but the role of insulin has not been fully studied in testis. Results: Insulin directly inhibits testicular steroidogenesis via induction of DAX-1 in Leydig cells. Conclusion: Insulin induces DAX-1 in Leydig cells, and DAX-1 inhibits LRH-1-mediated testicular steroidogenesis. Significance: Elevated insulin level in insulin-resistant states such as T2D suppresses the synthesis of testicular steroidogenesis.
Testosterone level is low in insulin-resistant type 2 diabetes.
Whether this is due to negative effects of high level of insulin on the testes caused by insulin resistance has not been studied in detail. In this study, we found that insulin directly binds to insulin receptors in Leydig cell membranes and activates phosphoinsulin receptor-␤ (phospho-IR-␤), phospho-IRS1, and phospho-AKT, leading to up-regulation of DAX-1 (dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1) gene expression in the MA-10 mouse Leydig cell line. Insulin also inhibits cAMP-induced and liver receptor homolog-1 (LRH-1)-induced steroidogenic enzyme gene expression and steroidogenesis. In contrast, knockdown of DAX-1 reversed insulin-mediated inhibition of steroidogenesis. Whether insulin directly represses steroidogenesis through regulation of steroidogenic enzyme gene expression was assessed in insulin-injected mouse models and high fat diet-induced obesity. In insulin-injected mouse models, insulin receptor signal pathway was activated and subsequently inhibited steroidogenesis via induction of DAX-1 without significant change of luteinizing hormone or FSH levels. Likewise, the levels of steroidogenic enzyme gene expression and steroidogenesis were low, but interestingly, the level of DAX-1 was high in the testes of high fat diet-fed mice. These results represent a novel regulatory mechanism of steroidogenesis in Leydig cells. Insulin-mediated induction of DAX-1 in Leydig cells of testis may be a key regulatory step of serum sex hormone level in insulin-resistant states.
Type 2 diabetes (T2D)
4 is associated with low testosterone level and frequently results in hypogonadotropic hypogonadism in men (1). Moreover, low testosterone level can affect insulin sensitivity (2) (3) (4) and increase the risk for diabetes (5) . In contrast, testosterone treatment improves insulin sensitivity by changing the body composition of subjects with hypogonadism due to T2D (6, 7) . However, excess androgen can increase oxidative stress and induce beta cell failure in rodent models (8) . Furthermore, elevated leptin levels, presumably due to leptin resistance, inhibit basal and human chorionic gonadotropininduced testosterone secretion in rat testes and human obese males (9, 10) . In association with low testosterone level, gonadal dysfunction contributes to abdominal obesity in men due to changes in luteinizing hormone (LH) and follicle-stimulating hormone (FSH) levels (11) . Although the involvement of reduced LH and FSH levels in testicular dysfunction in T2D is evident from these studies, there is also evidence that insulin regulates testosterone production in obese subjects and inhibits sex hor-mone-binding globulin level in T2D patients (12, 13) . Indeed, overexpression of insulin in Leydig cells reduces germ cells and causes infertility in mice (14) , suggesting the possibility that the elevated insulin level characteristic of T2D may have detrimental effects on testicular Leydig cells.
Testicular steroidogenesis is mediated by LH through multiple signaling pathways including the steroidogenic acute regulatory protein (StAR), the cholesterol side chain cleavage enzyme (P450scc), and 3␤-hydroxysteroid dehydrogenase (3␤-HSD) (15) . Dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1 (DAX-1; NR0B1) acts as a corepressor and negative regulator of nuclear receptors to decrease gluconeogenesis and steroidogenesis in Leydig cells (16, 17) . DAX-1 gene expression is repressed by LH and subsequently increases steroidogenesis in Leydig cells (17) . Our previous study has shown that DAX-1 gene expression is induced in liver by insulin and that this suppresses hepatic gluconeogenesis by inhibiting expression of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) (16) . However, it remains unclear whether DAX-1 gene expression is induced in testis by insulin or whether insulin-induced suppression of testicular steroidogenic gene expression is mediated by DAX-1.
In the present study, we investigated the direct effect of insulin on testicular steroidogenesis. Our findings demonstrate that insulin induces the expression of DAX-1 in Leydig cells and that DAX-1 inhibits testicular steroidogenesis both in vivo and in vitro. These results suggest that the induction of DAX-1 by hyperinsulinemia in T2D may contribute to the reduction in testicular steroidogenesis and therefore the lowering of testosterone.
EXPERIMENTAL PROCEDURES
Animal Experiments-Male 8-week-old C57BL/6J mice, maintained at the Korea Research Institute of Bioscience and Biotechnology (Daejeon, South Korea), were fed either a high fat diet (HFD) (D12492; Research Diets, New Brunswick, NJ) or a normal chow diet for 12 weeks. Moreover, male, 8-week-old C57BL/6J mice were divided into two groups: (a) vehicle (citrate buffer, pH 4.5) only and (b) 180 mg/kg dose of streptozotocin. For investigating the direct effect of insulin on testicular steroidogenesis, male 8-week-old C57BL/6J mice were intraperitoneally injected with insulin or vehicle (citrate buffer, pH 4.5). After 30 min of intraperitoneal insulin injection, all mice were euthanized with CO 2 , and testis tissues were collected. Testes were used for radioimmunoassay and immunohistochemical analyses. Plasma glucose concentrations were measured using Glucostix Accu-Chek (Roche Diagnostics, Mannheim, Germany) and a mouse insulin ELISA (ALPCO Diagnostics, Salem, NH) in accordance with the manufacturer's protocols, respectively. All animal studies and protocols were approved by the Institutional Animal Care and Use Committee of the Korea Research Institute of Bioscience and Biotechnology.
Chemicals-Insulin (Novolin R, Green Cross, Seoul, South Korea), wortmannin, Compound C, SP600125, SB203580, and U0126 were purchased from Calbiochem and then dissolved in dimethyl sulfoxide (DMSO) and added directly to the culture medium for incubation. Control cells were treated only with DMSO. The final DMSO concentration was always Ͻ0.2%.
Plasmids and DNA Construction-The StAR-Luc, 3␤-HSDLuc, P450c17-Luc, DAX-1-Luc, and Sft4-Luc reporter plasmids, nuclear receptor liver receptor homolog-1 (LRH-1), and DAX-1 were described previously (18 -21) .
Cell Culture and Transient Transfection Assay-MA-10 and HeLa cells were maintained as described previously (20, 21) . Transient transfections were carried out using the FUGENE HD (Roche Applied Science) transfection reagent with the indicated reporter plasmids together with expression vectors encoding various transcription factors or treated with chemicals.
Immunohistochemistry and Immunostaining-Collected testes from mice of each group were fixed in Bouin's fixative and transferred to 70% ethanol before paraffin embedding. Sections (5 m) were prepared from paraffin blocks with a rotary microtome and mounted on SuperFrost Plus glass slides (Fisher Scientific, Nepean, Ontario, Canada) after exposure to the appropriate antibodies of luteinizing hormone receptor (LH-R), insulin receptor-␤ (IR-␤), and DAX-1, as described previously (16) . MA-10 cells were cultured on uncoated glass coverslips for immunostaining and exposed to the appropriate antibodies (LH-R and IR-␤) as described previously (21) .
Preparation of Recombinant Adenovirus-Adenoviruses encoding LRH-1 and siRNA DAX-1 have been described previously (16, 21, 22) . The multiplicity of infection (MOI) is representative of the ratio of infectious agent to infection target.
mRNA Measurements-Total RNA was isolated from each sample and utilized for reverse transcription-polymerase chain reaction, as described previously (16) . Expression of all transcripts was normalized to ␤-actin expression.
Western Blot Analysis-Mouse Leydig cell and mouse testes were prepared, and Western blot analyses were performed using phospho-AKT (Ser-473), AKT, phospho-IR-␤ (Tyr-1162/1163), IR-␤, DAX-1 (Cell Signaling Technology, Danvers, MA), phospho-insulin receptor substrate 1 (IRS1) (Tyr-989), IRS1, StAR, 3␤-HSD, ␤-actin (Santa Cruz Biotechnology, Santa Cruz, CA), and P450scc (Millipore Corp., Bedford, MA) and developed using an ECL Western blot detection kit (Amersham Biosciences).
LH and FSH Assay-LH and FSH enzyme-linked immunosorbent assay kits were purchased from BioVendor (RSHAKRLH-010 and RSHAKRFS-010; Brno, Czech Republic). The standards and samples were incubated in anti-LH␣ or anti-FSH antibody-coated wells, following the manufacturer's protocol.
Radioimmunoassay-Serum and testes from HFD-fed and insulin-injected mice or medium from insulin treatment with or without inhibitors in MA-10 cells were prepared, and testosterone and progesterone concentrations were measured by radioimmunoassay, as described previously (18) .
Statistical Analysis-Data are expressed as means Ϯ S.E. Differences between groups were evaluated by two-tailed unpaired Student's t test. One-way analysis of variance (ANOVA) was used to determine the significance of differences among treatment groups. The Newman-Keuls test was used for multigroup comparisons. Values of p Ͻ 0.05 were considered to be statistically significant.
RESULTS

Insulin Is Involved in Inhibition of Steroidogenesis in Leydig
Cells-Previous studies have shown that IRS are expressed in human and rat testes (23, 24) . However, the role of insulin receptor signaling in testicular steroidogenesis has not been defined. Therefore, we examined whether insulin regulates IR signaling in MA-10 cells, a Leydig tumor cell line. Antibodies against LH-R and IR-␤ stained the plasma membrane of MA-10 cells (Fig. 1A, arrowheads) . Insulin treatment activated phospho-IR-␤, phospho-IRS1 (Tyr), and phospho-AKT in a timeand dose-dependent manner in MA-10 cells when compared with the control (Fig. 1B) . To further investigate the regulation of steroidogenesis by insulin, we evaluated the effect of insulin on steroidogenic gene expression in these cells. As expected, insulin inhibited cAMP-induced StAR, P450scc, and 3␤-HSD gene expression (Fig. 1C) . Furthermore, we found that inhibitors of the insulin receptor signaling pathway negatively affected the inhibition of steroidogenesis by insulin. Wortmannin (PI3K inhibitor), U0126 (MEK1,2 inhibitor), Compound C (AMP-activated protein kinase inhibitor), and SP600125 (JNK inhibitor) significantly reversed insulin-mediated inhibition of the stimulation of progesterone and testosterone synthesis by 8-bromo-cAMP (Fig. 1D ). Of the compounds tested, only SB203580 (MAPK inhibitor) was ineffective in preventing the inhibitory effect of insulin on steroidogenesis.
DAX-1 Is Involved in Insulin-mediated Inhibition of Steroidogenesis in Leydig
Cells-To further confirm whether the regulation of steroidogenesis by insulin is mediated by DAX-1, we evaluated the role of DAX-1 on steroidogenic gene expression in Leydig cells. As expected, insulin increased DAX-1 promoter activity, and protein expression was also increased in a timeand dose-dependent manner (Fig. 2, A and B) . Western blot analysis confirmed that the decrease of DAX-1 protein by cAMP was restored with insulin treatment (Fig. 2C) . Moreover, insulin-mediated induction of DAX-1 gene expression was inhibited by wortmannin, Compound C, and SP600125 (Fig.  2D) . Insulin also inhibited the mRNA and protein levels of StAR, P450scc, and 3␤-HSD, which are induced by cAMP treatment, whereas DAX-1 knockdown reversed those of StAR, P450scc, and 3␤-HSD (Fig. 2, E and F) . In addition, Leydig cells were treated with insulin in the presence or absence of DAX-1 siRNA to identify the crucial role of insulin-induced DAX-1 in the regulation of steroidogenesis. Consistent with the data presented in Fig. 1 , cAMP treatment significantly increased progesterone and testosterone levels, whereas these effects were significantly inhibited by insulin (Fig. 2F) . In contrast, knockdown of DAX-1 gene expression increased insulin-inhibited progesterone and testosterone levels (Fig. 2F) . Overall, these results demonstrate that insulin induced DAX-1 gene expression by altering the IR-dependent pathway and negatively regulated steroidogenesis by controlling steroidogenic gene expression in MA-10 cells.
Insulin-induced DAX-1 Inhibits Steroidogenesis in Leydig Cells-Although steroidogenic enzyme gene induction by cAMP is well characterized (21), regulation of steroidogenesis by insulin is not. Therefore, we examined the effects of insulin on the expression steroidogenic enzyme genes with promoter/ reporter constructs of StAR, P450c17, and 3␤-HSD in MA-10 cells. As expected, the promoter activities of these genes were greatly increased by cAMP. Insulin reversed the effects of cAMP in a dose-dependent manner (20 or 40 nM) (Fig. 3A) . It is well known that the nuclear receptor LRH-1 plays a critical role in the regulation of steroidogenesis and that its transcriptional activity is inhibited by interaction with DAX-1 (25, 26) . Based on the results of DAX-1 protein level regulated by insulin and cAMP (Fig. 2, B and C) , we determined whether insulin affects stimulation of steroidogenesis by LRH-1. Increased Sft4-Luc promoter activity with LRH-1 overexpression was markedly decreased by insulin treatment or DAX-1 overexpression (Fig.  3B) . Furthermore, insulin-induced DAX-1 inhibited LRH-1-mediated steroidogenesis. As a result, StAR, P450c17, and 3␤-HSD promoter activities were increased by LRH-1 overexpression, whereas insulin treatment significantly reduced LRH-1-mediated increase of steroidogenic enzyme gene promoter activity (Fig. 3C) . Insulin treatment also inhibited the increase of StAR, P450scc, and 3␤-HSD mRNA levels by Ad-LRH-1, and these effects were reversed by knockdown of DAX-1 (Fig. 3D) . Overall, these results indicate that insulin-induced DAX-1 decreased the stimulation of the steroidogenic enzyme gene expression by LRH-1 in MA-10 cells.
Insulin Inhibits Steroidogenesis by Activating Insulin Receptor Signaling Pathway in Normal Mice
Testes-Based on the decreased mRNA levels of testicular steroidogenic enzymes and the low concentrations of testosterone and progesterone in serum and testes ( Figs. 1 and 2) , we hypothesized that insulin, glucose, or both could be involved in the regulation of testicular steroidogenesis in HFD-fed mice. Insulin induces a positive effect on de novo steroidogenesis in prostate cancer cells (27) . On the hand, directed overexpression of insulin in Leydig cells causes infertility in a mouse model (14) . As a first step in determining whether insulin regulates sex hormone level, immunohistochemical studies were conducted to compare the distribution patterns of the LH-R and IR-␤ in the testes of males at puberty (8 weeks old). Antibodies against LH-R and IR-␤ exclusively stained Leydig cells in the testis (Fig. 4A, arrowheads) . Western blot analysis was performed to determine whether injecting insulin activates IR signaling in mouse testis. The results showed that insulin increased phospho-IR-␤, phospho-IRS1, and phospho-AKT in the testis (Fig. 4B ). In association with insulin receptor signal pathway and testicular steroidogenesis, mRNA levels of StAR, P450scc, and 3␤-HSD, key enzymes for testicular steroidogenesis, were assessed in the testes of mice that had been intraperitoneally injected with insulin. The mRNA level of steroidogenic enzyme gene was significantly decreased by insulin injection (Fig. 4C) . In contrast, serum levels of LH and FSH remained unchanged 3 h after the injection of insulin (Fig. 4D ). Testicular and serum levels of progesterone and testosterone were decreased following insulin injection (Fig. 4, E and F) . These results suggest that insulin negatively regulates steroidogenic enzyme gene expression and steroidogenesis.
Regulation of Testicular Steroidogenesis in HFD-fed MiceObese humans and those with T2D show low testosterone level and decreased insulin sensitivity (2-4). We measured testicular steroidogenic enzyme gene expression and steroidogenesis in HFD-fed mice as a model of T2D. Body weight was increased significantly in HFD-fed mice when compared with control chow diet (left panel), but testis weight was unchanged (right panel) (Fig. 5A) . As expected, blood glucose (left panel) and insulin (right panel) levels were high in HFD-fed mice (Fig. 5B) . We assessed the steroidogenic enzyme mRNA level to determine whether steroidogenic enzyme gene expression was affected in testes of HFD-fed mice. Expression of StAR, P450scc, and 3␤-HSD was decreased in HFD-fed mice when compared with control chow diet (Fig. 5C ). Because testosterone concentration is affected by LH and FSH levels via the hypothalamicpituitary-gonadal axis (1, 2), we measured LH and FSH. Both were unchanged in HFD-fed mice (Fig. 5D) . However, both progesterone and testosterone were significantly decreased in serum and testes of HFD-fed mice (Fig. 5, E and F) . These results indicate that testicular steroidogenesis is negatively regulated in the HFD-fed condition.
Increased Induction of DAX-1 in Testes of HFD-fed MiceWestern blot analysis was performed to determine the effect of insulin in HFD-fed mouse testis. Phospho-IR-␤ and phospho-AKT were low in liver of HFD-fed mice (data not shown), but MAY 31, 2013 • VOLUME 288 • NUMBER 22 both signals were significantly higher than those in testes from HFD-fed mice (Fig. 6A) . Previously, we have reported that insulin inhibits gluconeogenesis via induction of DAX-1 in liver cells (16) and that LH promotes steroidogenesis via down-regulation of DAX-1 in Leydig cells (17) . In the present study, DAX-1 mRNA and protein levels were increased in testes of HFD-fed mice when compared with testes of chow diet-fed mice (Fig. 6, B and C) . In contrast, DAX-1 mRNA and protein levels were low in testes of streptozotocin mice when compared with control (Fig. 6, D and E) . Furthermore, insulin injection increased DAX-1 gene expression in testis (Fig. 6F) and DAX-1 protein levels in chow diet-fed mice (Fig. 6G) . Moreover, immunohistochemistry showed that DAX-1 is expressed primarily if not exclusively in the Leydig cells of the testes (Fig. 6F,  arrowheads) . Overall, these findings suggest a role for insulin in regulation of testicular steroidogenesis via the induction of DAX-1.
Induction of DAX-1 and Testicular Steroidogenesis
DISCUSSION
In this study, we demonstrated that insulin-treated MA-10 Leydig cells activated insulin receptor signal pathway and repressed cAMP-mediated steroidogenesis via induction of DAX-1. Moreover, the high insulin level in HFD-fed mice activated IR signaling in testis that correlated with reduced steroid level in serum and the testis. These results indicate that insulin directly regulated testicular steroidogenesis via induction of DAX-1. Moreover, insulin injection significantly induced testicular DAX-1 in vivo. Furthermore, insulin-induced DAX-1 gene expression decreased testicular steroidogenesis mediated by the nuclear receptor LRH-1 in vitro. However, the effects of insulin on testicular steroidogenesis were abolished by DAX-1 knockdown in Leydig cells. Based on these results, we propose that insulin inhibits the LH/cAMP-mediated steroidogenesis through induction of DAX-1. The role of insulin in testis has been controversial. Schoeller et al. (28) reported that Akita diabetic mice, which express a mutant form of insulin 2 (Ins2) in testes and pancreas, show infertility, whereas exogenous insulin treatment rescues fertility through the hypothalamic-pituitary-gonadal axis. However, other studies showed that overexpression of insulin in Leydig cells decreases germ cells and causes infertility in transgenic mice (14) . Intriguingly, it was reported that type 1 diabetes (T1D) does not affect testosterone level (29) but decreases sex hormone-binding globulin in human subjects (30, 31) . Moreover, other previous studies have shown positive effect of insulin on Leydig cells (32) and have shown that tungstate, an insulin signaling mimic, restores Leydig cell function in type 1 diabetes (33) . It has been reported that insulin receptor signal transducers are expressed in rat testis (27) , and we found in this study that IR-␤, IRS1, and AKT were activated by insulin both in vivo and in vitro. Our study strongly suggests that insulin activates the insulin receptor signaling pathway, leading to decreased steroidogenic gene expression and steroid production in testicular Leydig cells without any change in serum LH or FSH levels. From previously published studies, it can be suggested that normal insulin level is necessary for Leydig cell function (28) . However, the present study suggests that high levels of insulin, such as those obtained in obesity and T2D, may induce negative effect on steroidogenesis in Leydig cells. However, further studies are required to fully elucidate the precise biological correlation between insulin and Leydig cells.
It is known that tissue levels of insulin are invariably higher than serum insulin levels and also do not correlate with serum insulin levels (34 -37) . This has been shown for brain, heart, liver, cultured lymphocytes, cultured fibroblasts, and testes. Although this phenomenon may not be fully understood, it has been hypothesized that insulin is synthesized by many cells other than pancreatic beta cells (38) . Our finding that the insulin receptor signaling pathway is activated more in the testes of HFD-fed mice than in WT mice (Fig. 6 ) strongly indicates that the higher serum level of insulin produces a greater effect in the HFD-fed mice than in the WT mice. Moreover, we found that DAX-1 gene expression was high in HFD-fed and insulin-injected mice testes (Fig. 6, B-E) . Indeed, induction of DAX-1 by insulin suppressed basal level and LH/cAMP-induced progesterone and testosterone levels (Fig. 6G) . It has been reported that insulin sensitivity is preserved in the kidney, sympathetic nervous system, and blood vessels of human subjects and animal models that have insulin resistance (39) . Moreover, because insulin sensitivity is preserved in these tissues of insu- A, C57BL/6J mice were used to measure body weight (left) and testis weight (right) in chow diet-fed (12 weeks) and HFD-fed (12 weeks) mice (n ϭ 4). Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by two-tailed t test. NS, not significant. B, blood glucose (left) and insulin (right) were measured in HFD-fed mice (12 weeks) (n ϭ 4). Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by two-tailed t test. C, total RNA was isolated for real-time PCR from the testes of chow diet-fed and HFD-fed mice (n ϭ 4). StAR, P450scc, and 3␤-HSD expression was measured in the testes of chow diet-fed (12 weeks) and HFD-fed (12 weeks) mice (n ϭ 4). Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by two-tailed t test. D, serum LH and FSH levels were measured in HFD-fed mice (n ϭ 4). NS, not significant. E, serum from panel C was collected for progesterone (P, left) and testosterone (T, right) measurement by radioimmunoassay (n ϭ 4). Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by two-tailed t test. F, testes from panel C were collected for progesterone (left) and testosterone (right) measurement by radioimmunoassay (n ϭ 4). Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by two-tailed t test. MAY 31, 2013 • VOLUME 288 • NUMBER 22 lin-resistant individuals and/or serum insulin levels are greatly elevated in these individuals, insulin effects on these tissues may be larger than normal in these individuals, which likely contributes to the development of hypertension in patients with the metabolic syndrome. Based on the results of the current study, we speculate that steroidogenesis is reduced because of the action of insulin in HFD-fed and insulin-injected mice, that insulin sensitivity of the testes is preserved in insulinresistant mice, and that elevated serum insulin level produces a negative effect in testis that is larger than normal. Moreover, the high amount of insulin of HFD-fed mice may increase DAX-1 gene expression and subsequently down-regulate testicular steroidogenesis. Overall, it seems likely that the molecular mechanism by which insulin inhibits testicular steroidogenesis is mediated by activation of insulin receptor signal pathway, leading to the induction of the transcriptional corepressor DAX-1.
Induction of DAX-1 and Testicular Steroidogenesis
We have shown previously that gluconeogenic enzyme genes expressed in Leydig cells are required for testicular steroidogenesis (21) . Insulin-induced DAX-1 decreases gluconeogenic enzyme genes expression in the liver (16) . Moreover, we previously reported that DAX-1 represses steroidogenesis by decreasing Nur77 transcriptional activity in Leydig cells (17) . We examined whether insulin inhibits gluconeogenic enzyme gene expression or whether DAX-1 mediates insulin-induced suppression of gluconeogenic enzyme gene expression. PEPCK and G6Pase were inhibited by insulin treatment, and these effects were reversed by knockdown of DAX-1 regulated by IR signaling pathway in MA-10 cells (data not shown). These results indicate that insulin-induced DAX-1 directly repressed gluconeogenic and steroidogenic enzyme gene expression in Leydig cells. Taken together, we suggest that insulin-induced DAX-1 down-regulated steroidogenesis in Leydig cells and testes (Figs. 1D and 4, E and F) .
In conclusion, our results suggest that induction of DAX-1 by insulin represents a novel regulatory mechanism of steroidogenesis in Leydig cells and that insulin-mediated induction of DAX-1 in Leydig cells of testis may be a key regulatory step of serum sex hormone level in states where insulin is elevated. Inhibition of steroidogenesis by the insulin-mediated induction of DAX-1 provides new insights into differential regulation of FIGURE 6 . Induction of DAX-1 in testis. A, testes of HFD-fed mice were prepared for Western blot assay. Samples were extracted, and Western blot analyses were performed using the phospho-IR-␤ (p-IR-␤), IR-␤, phospho-AKT (p-AKT), and AKT antibodies. Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by two-tailed t test. B, total RNA was isolated for real-time PCR from chow diet-fed and HFD-fed mice testes (n ϭ 3). DAX-1 mRNA level is measured in testis. Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by twotailed t test. C, protein samples were prepared for Western blot assay from chow diet-fed and HFD-fed mice testes (n ϭ 3). DAX-1 protein level was measured in testis. Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from chow group by two-tailed t test. D, total RNA was isolated for real-time PCR from chow and streptozotocin (STZ) mice testes (n ϭ 3). DAX-1 mRNA level was measured in testis. Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from control (CON) group by two-tailed t test. E, protein samples were prepared for Western blot assay from control and streptozotocin mice testes (n ϭ 3). DAX-1 protein level was measured in testis. Each data point represents the mean Ϯ S.E. *, p Ͻ 0.05, significantly different from control group by two-tailed t test. F, total RNA was isolated for real-time PCR from insulin-injected 8-week-old mouse testes (n ϭ 5). DAX-1 expression was measured at the indicated time. Each data point represents the mean Ϯ S.E. Bars with different letters in this panel indicate statistically significant differences in mean values from each other (p Ͻ 0.05), as determined by ANOVA and Student-Newman-Keuls test. G, 8-week-old C57BL/6J mice were injected insulin (1 unit/kg). Testes of C57BL/6J mice were prepared for Western blot assay (n ϭ 3). Samples were extracted, and Western blot analyses were performed using the DAX-1 and ␤-actin antibodies. * indicates the highest DAX-1 protein level. H, testes were collected from 8-weekold C57BL/6J mice for immunohistochemistry. Expression of DAX-1 was only observed in the Leydig cells of the testis. The arrowheads show the DAX-1 stain in 8-week testis. I, proposed mechanism for the importance of regulation of steroidogenesis by insulin. Insulin induces DAX-1 gene expression, and DAX-1 regulates LRH-1-mediated steroidogenic enzyme gene expression and steroidogenesis in testis. The low level of insulin in individuals with normal insulin sensitivity mildly opposes the stimulation of steroidogenesis by LH. However, greater up-regulation of DAX-1 by insulin is observed in individual with insulin resistance, and therefore, high insulin level inhibits testicular steroidogenesis in the T2D diabetes model. testicular steroidogenesis between normal individuals and T2D patients (Fig. 6G) .
